Initiation of "reprogramming science"
=====================================

The idea of inducing pluripotency in differentiated cells has its roots in cloning and nuclear transfer. In 1895, Hans Dreish succeeded in generating the first experimentally cloned animal, a sea urchin.^[@r01])^ He found that when the embryo of a sea urchin was divided into single cells at the two- or four-cell stage, each of the separated single cells could develop into a complete sea urchin. His experiment revealed that all single cells from embryo had the ability to form the entire body. His results brought about the concepts of totipotency (the ability of cells to differentiate into all types of differentiated cells, including both extra and intra-embryonic cells), pluripotency (the ability of cells to differentiate into all types of intra-embryonic cells) and multipotency (the ability of cells to differentiate into several kinds of cells) to the life sciences.

These concepts were confirmed by Hans Spemann. In 1902, He divided the eggs of amphibians at the two cell stage into two parts along a cleavage plane using a baby's hair. He obtained two fully developed individual amphibians from each of the divided eggs.^[@r01])^ At least, he has succeeded to generate clone amphibians using the nuclei at 16 cell stage. Beginning in the late nineteenth century, it was argued whether the nuclei of differentiated cells have the same information as the nuclei of fertilized eggs.

In 1893, August Weismann mentioned a principle of development in his Germ plasm theory.^[@r02])^ He suggested that the germ cell (eggs and spermatozoa) include a "determinant", which was heritable information essential to decide on the functions and features of all somatic cells in the body. According to his theory, all determinants are inherited through germ plasm during cell division. However, the determinants are non-uniformity inherited among blastomeres during the division of the fertilized egg. Blastomeres lose some part of the determinants and decrease their abilities to differentiate and become committed to a specific cell lineage.

The use of nuclear transfer answered this question. The first nuclear transfers were published by Spemann in 1938.^[@r01],[@r03])^ He firstly tightened the noose around a fertilized egg of a salamander to divide the eggs into two parts; a part with only cytoplasm and the other with both cytoplasm and nucleus. When the latter part divided and reached the sixteen-cell stage, he relaxed the noose to allow one of 16 nucli move into the part with only cytoplasm. Then he strongly tightened the noose to separate each part. Both separated parts grew up normal salamander embryos. These data demonstrated that the nuclei in the sixteen-cell stage have the same information as the nuclei of fertilized eggs. He proposed an idea of the nuclear transfer into enucleated eggs using the nuclei at the later stages of the development, but he could not realize the idea.^[@r01],[@r03])^

The first successful nuclear transfer into enucleated eggs was realized by Briggs and King using tadpoles in 1952.^[@r04])^ The eggs developed into adult flogs. In their experiment, the efficiency of cloning frogs decreased when they used nuclei derived from embryos at later stages. They could not produce a cloned frog using the nuclei from a stage later than the tail bud. From these data, they concluded that when the cell fates were committed to specific fate during development, the nuclei of differentiated cells lost the information for the other types of cells during development.

However, about 10 years later, Sir John Gurdon succeeded in transplanting the nuclei of small intestinal epithelial cells of adult frogs into enucleated unfertilized eggs, and obtained tadpoles.^[@r05])^ This result demonstrated that even nuclei of adult frogs maintain all the information necessary for tadpole development. In 1997, the famous cloned sheep, Dolly, was born after transplanting the nuclei of the mammary epithelium into an enucleated oocyte.^[@r06])^ So far, cloned animals have been generated from various species, such as mice, rabbits, cows, goats and pigs. Moreover, it was revealed that the nuclei of terminal differentiated cells, such as B cells and T cells, also retain the ability to return to the embryonic state.^[@r07]--[@r09])^ These data provided important knowledge that the information contained in the nuclei are not irreversibly deleted when cells commit to a specific fate during development. Somatic cells have the potential ability to be converted into other kinds of cells, even after differentiation and development. Moreover, these data suggested that oocytes include the factors that can revert the nuclear status of cells with differentiated cell fate to those with totipotency.

Pluripotent stem cells
======================

In 1964, pluripotent embryonal carcinoma (EC) cells were isolated from teratocarcinomas.^[@r10])^ The EC cells could differentiate into various types of cells *in vitro*. When EC cells were injected into blastocysts, they contributed to various tissues in chimeric mice. When the EC cells were fused with differentiated cells, the EC cells could reprogram these cells toward pluripotent states.^[@r11])^ However, the contribution of EC cells in chimeric mice was low because of chromosomal abnormalities. EC cells were useless for genetic engineering because of their incompetence for germ line contribution. Moreover, the chimeric mice derived from EC cells frequently showed teratoma formation.^[@r12])^

Many scientists subsequently tried to establish normal pluripotent stem cells for genetic engineering and biological applications. Embryonic stem (ES) cells were established from blastocysts in 1981.^[@r13],[@r14])^ Embryonic germ (EG) cells were isolated from primordial germ cells (PGCs) in 1992.^[@r15],[@r16])^ These cell lines kept normal karyotypes and also differentiated into all kinds of somatic cells after blastocyst injection. The EC cells, ES cells and EG cells could also reprogram the nuclei of somatic cells toward a pluripotent state when hybrid cells were produced after cell fusion.^[@r17],[@r18])^ These data indicated that not only oocytes, but also pluripotent cells, had the ability to reprogram nuclei toward a pluripotent state, and also possessed "reprogramming factors".

To investigate whether reprogramming factors existed in cytoplasm or nucleus, neurosphere cells were fused with either the karyoplasts or cytoplasts of ES cells. The karyoplasts of ES cells could induce the expression of Oct3/4 and a partially reprogrammed state in these differentiated cells.^[@r19])^ On the other hand, another group succeeded in establishing human ES cells in which the nuclei were completely replaced by the nuclei of somatic cells.^[@r20])^ They showed that a partially pluripotent state was obtained. These results could not define the intracellular location of reprogramming factors.

Cell fate conversion by defined factors
=======================================

Cell fate conversions were also achieved using methods other than nuclear transfer and cell fusion. Interestingly, the forced expression of lineage-specific factors can directly convert a somatic cell's fate to that of a different cell without involving a pluripotent state. The first direct conversion of cell fate was achieved by the forced expression of the myogenic transcription factor (MyoD) into fibroblasts. The fibroblasts transduced with MyoD were converted to myoblasts *in vitro*.^[@r21])^ Overexpression of C/EBP induced the direct conversion from B cells to macrophages.^[@r22])^ By suppressing Pax5, B cells can dedifferentiate into progenitor cells, which can differentiate into multiple hematopoietic lineages.^[@r23])^ B cells and T cells can be directly reprogrammed into macrophages by the overexpression of C/EBPa.^[@r24])^ These data indicate that ectopic forced gene expression can induce the conversion of a cell fate. The overexpression of MyoD can induce the expression of skeletal muscle-specific genes in various somatic cells, such as retinal pigmented epithelia, neuroblastoma, melanoma and liver-derived cells.^[@r25],[@r26])^ However, the expression of lineage-specific genes was not suppressed by MyoD overexpression in ectodermal and endodermal cells. Therefore, the forced expression of MyoD could completely reprogram only mesodermal cells, not ectodermal or endodermal cells. Taken together, these data provided important information showing that lineage-specific transcription factors can reprogram somatic cells into different types of cells. However, the forced expression of a single factor is not sufficient to convert the cell lineage beyond the germ layers.

Medical application of pluripotent stem cells
=============================================

In 1998, human ES cells were established by James Thomson's group. Their establishment of human ES cells brought about the possibility that human ES cells could be used for medical applications. ES cells have two distinct features; immortality and pluripotency. Using these properties of ES cells, it is possible to obtain differentiated cells of many types in large quantities. Thus, human ES cell have been expected to be useful for regenerative medicine. However, ES cells have obstacles that hinder their clinical applications. One is immune rejection following transplantation into recipients. Human ES cells are derived from fertilized eggs from infertility clinics and thus have different immune antigens from patients who would receive transplantation of differentiated cells derived from ES cells. If the differentiated cells from ES cells are transplanted into recipients, the host's immune system will attack and kill these transplanted cells. In fact, differentiated cells from ES cells highly express the human leukocyte antigens (HLA) that would elicit immunological reactions.

In 2000, mouse nuclear transfer ES cells (ntES cell) were established to overcome these problems of immune rejection after transplantation.^[@r27])^ To establish ntES cells, the nuclei from somatic cells of recipients were transplanted into enucleated unfertilized eggs. These transplanted eggs started to develop into embryos. The ntES cells were then established from inner cell mass of blastocysts of these embryos. Somatic cells derived from these ntES cells have the same immune antigens as the donors and would not be rejected after transplantation into the same individuals. These ntES cells have been established from not only mice, but also from monkey cells.^[@r27],[@r28])^ However, human somatic-cell-nuclear-transferred cells had arrested at 8 cell stage in development.^[@r29],[@r30])^ On the other hand, when a nuclear of somatic cell was transplanted into intact oocyte, these triploid cells succeeded to develop to the blastocyst stage. The established cell lines had pluripotency to differentiate into three germ layers. These data indicated that human oocyte also had the ability to reprogram somatic cell nuclear into pluripotent fate. By improving the method of oocyte enucleation, finally, human ntES cells have also been established in 2013.^[@r31])^ The nuclei of human fibroblasts were injected into 122 enucleated unfertilized eggs from nine donors. The development progressed to blastocyst stage in 21 embryos. Six human ntES cells were established. Four out of the six established ntES clones were derived from the same donor. The genetic background probably affects the efficiency of establishing ntES cells. There are also ethical issues regarding egg donation. The ethical issues regarding the usage of human embryos and eggs are another major drawback to the use of ES and ntES cells for clinical applications.

Induction of pluripotency by defined factors
============================================

To overcome these issues associated with human ES cells, we initiated a new concept to establish pluripotent stem cells. Based on the information generated from the nuclear transfer and direct conversion of cell lineage by defined factors, we hypothesized that the ES cell fate could also be induced in somatic cells. We speculated that the overexpression of important factors for ES cell lineage could convert differentiated cells into an ES cell fate, including the induction of pluripotency and immortality. In addition, we predicted that many of important factors required by ES cells would be specifically expressed in ES cells.

To identify genes specifically expressed in ES cells, we utilized publically available databases of expressed sequence tags (ESTs). Fortunately, Hayashizaki had released millions of EST datasets derived from various mouse organs, tissues and cells, including early embryos and ES cells. In addition, the National Center for Biological Information (NCBI) started providing a program, designated digital differential display (DDD), which allowed us to perform efficient analyses of these EST databases and to identify the ES cell-associated transcripts (ECATs). The Northern blot analyses confirmed that the ECATs were highly and specifically expressed in mouse ES cells and early embryos.

We then analyzed the functions of the ECATs. We found that Nanog (ECAT4)-deficient ES cells differentiated into visceral or parietal endoderm, and could not maintain the properties of ES cells. Forced expression of Nanog maintained the self-renewal of ES cells, independent of leukemia inhibitory factor (LIF), a cytokine essential to maintain the pluripotency of mouse ES cells in culture.^[@r32],[@r33])^ Pluripotency was not affected by the absence of ERas encoded by ECAT5. However, the teratomas derived from ERas-null ES cells were significantly smaller than those from wild type ES cells. These data suggested that Eras had important roles in the immortality of ES cells.^[@r34])^ We thought that reprogramming factors would have important function to maintain the pluripotency in ES cells. We selected 24 candidate from the factors, including ECATs, which played important roles or were highly expressed in mouse ES cells.

In order to study whether some of these 24 candidates were capable of inducing the ES cell phenotype in somatic cells, we utilized mouse embryonic fibroblasts (MEFs), which carried the neomycin resistance gene in the Fbx15 locus (Fbx15^neo/neo^). Since Fbx15 is encoded by ECAT3 and is only expressed in ES cells, but not in somatic cells like MEFs, the Fbx15^neo/neo^ MEFs are sensitive to G418, whereas Fbx15^neo/neo^ ES cells were resistant to the antibotics.^[@r35])^ When each of the 24 candidates was introduced into Fbx15^neo/neo^ MEFs by means of retroviruses, no G418-resistant colonies emerged. However, when all 24 retroviruses were transduced at once, we obtained G418-resistant colonies, which were morphologically similar to mouse ES cells (Fig. [1](#fig01){ref-type="fig"}A). Among the 24 factors, we found that four factors, including Oct3/4, Sox2, Klf4 and c-Myc (OSKM), were essential and sufficient for reprogramming cells. These reprogrammed cells had similar features to ES cells in terms of their expression profiles and epigenetic profiles. Moreover, these cells had pluripotency and differentiated into all three germ layers in teratomas (Fig. [1](#fig01){ref-type="fig"}B). We designated the newly generated cells "induced pluripotent stem cells" (iPS cells).^[@r36])^ The first generation iPS cells produced using the Fbx15 reporter system contributed to mouse embryos, but the chimeric embryos did not survive to birth.^[@r36])^ These data indicated that fibroblasts were partially reprogrammed toward the pluripotent state, but were not completely reprogrammed.

To obtain fully reprogrammed iPS cells, we and others used other ES-specific genes essential for the ES cell fate as reporters. Fbx15 is an ES-specific marker, but is not essential for ES cells. Even in the absence of fbx15 expression, ES cells can be established and remain pluripotent and self-renew.^[@r35])^ On the other hand, Nanog and Oct3/4 are essential for ES cell fate. If the expression of Oct3/4 is suppressed by only half, the ES cells differentiate into trophectoderm.^[@r37])^ When the Nanog or Oct3/4 locus was used as a reporter system, established iPS cells had the ability to contribute into chimeric mouse embryos which survived beyond birth (Fig. [2](#fig02){ref-type="fig"}). Moreover, these improved iPS cells contributed to the germline of chimeric mice and produced F1 progeny.^[@r38]--[@r40])^ The iPS cells were also established using three factors without c-MYC, which harbors the highest risk of oncogenesis among these OSKM factors.^[@r41])^

Some iPS cells even passed the most stringent test for pluripotency; tetraploid complementation.^[@r42]--[@r46])^ The cells of tetraploid embryos can contribute to extraembryonic tissues, but not to embryonic tissues. When the pluripotent stem cells were injected into tetraploid embryos, all embryonic tissues were derived from the injected cells. Tetraploid complementation can evaluate the pluripotency of stem cells more strictly than blastocyst injection. This is because when the pluripotent stem cells are injected into blastocysts, both the inner cell mass of the blastocyst and stem cells contribute to intraembryonic tissues. The injected stem cells are affected by the surrounding cells of the inner cell mass. In tetraploid embryos, host cells can not contribute to intraembryonic tissues. Only transplanted stem cells develop and differentiate into entire embryos in tetraploid embryos. When iPS cells are injected into tetraploid embryos, all of the tissues in the pups are completely and directly derived from the iPS cells. These data indicate that iPS cells are as competent as ES cells with regard to their differentiation potential.

Within less than a year after the first demonstration of OSKM mediated reprogramming in mouse cells, we reported the generation of human iPSCs using the same combination of reprogramming factors^[@r47])^ (Fig. [1](#fig01){ref-type="fig"}C). James Thomson's group independently reported the generation of human iPS cells, with a different combination of reprogramming factors. They used OCT3/4, SOX2, NANOG and LIN28.^[@r48])^ Established human iPS cells generated using both combinations showed similar features to human ES cells, including their morphology, gene expression, epigenetic modifications and differentiation potential. These data indicated that human somatic cells could also be reprogrammed toward pluripotency using the forced expression of defined factors.

Factors and pathway critical for iPS cell generation
====================================================

The efficiency of iPS cell induction is quite low; typically less than 1% of human fibroblasts that have received OSKM become iPS cells. However, we recently showed that the reprogramming process initiated in more than 20% of human fibroblasts after receiving OSKM.^[@r49])^ TRA-1-60 (+) is one of the most reliable surface markers specific for human pluripotent stem cells. Within seven days after OSKM transduction, more than 20% of transduced fibroblasts became positive for TRA-1-60. Gene expression profiling confirmed that these TRA-1-60 (+) cells were partially reprogrammed cells. However, we found that the majority of TRA-1-60 (+) cells reverted back into TRA-1-60 negative cells by day 15 post-transduction (Fig. [3](#fig03){ref-type="fig"}A). These results showed that maturation, rather than initiation, is the major barrier during reprogramming toward iPS cells (Fig. [3](#fig03){ref-type="fig"}B). In the initiation of reprogramming, OSKM induce the stochastic changes in gene expression.^[@r50]--[@r52])^ These intermediate reprogramming cells are heterogeneous population in gene expression both in human and mouse case.^[@r49],[@r51],[@r52])^ Some of intermediate cells path the limited step following after initiate stochastic step. Actually, lowering these barriers with such as knocking out of Mbd3,^[@r53])^ overexpressing Lin28^[@r49])^ or Lin41^[@r54])^ promote the reprogramming efficiency. And then, in deterministic phase, they are committed into pluripotent cell fate with expressing predictive reprogramming markers such as Utf1, Esrrb, Dppa2 and Lin28 in mouse case.^[@r51],[@r52])^ In this phase, the population of reprogramming cells gradually becomes homogenous. Several factors and pathways have been reported to play critical roles in iPS cell generation.

Histone modifications.
----------------------

Histone modifications regulate gene expression and stably maintain the cell lineages. Therefore histone modifications function as an obstacle to inducing changes in cell fates. In fact, the promoters of genes which show increased expression at the early stage of reprogramming have active histone marks, H3k4me3 (histone H3 lysine 4), in the fibroblasts even before the induction of reprogramming. In contrast, the promoters of genes that are activated at later stages of reprogramming carry both H3k4me3 and H3K27me3 (histone H3 lysine 27), or just H3K27me3.^[@r55])^ At the very early stage of reprogramming (48 hours after transduction), OCT3/4, SOX2 and KLF4 bind to closed chromatin sites of promoters that are resistant to DNase digestion. H3K4s are not methylated in these regions. After the binding of OCT3/4, SOX2 and KLF4, these heterochromatic regions are opened. On the other hand, c-MYC can bind to opened chromatic regions of promoters that are modified with H3K4me1, 2 or 3, but is unable to bind closed regions by itself. c-MYC can bind closed region only with the help of OCT3/4, SOX2 and KLF4.^[@r56])^ Thus, OCT3/4, SOX2 and KLF4 function as initiators that open the epigenetic barriers and increase the accessibility of transcription factors involved in reprograming. However, OCT3/4, SOX2, KLF4 and c-MYC cannot bind closed chromatic regions modified with H3K9me3 in the early phases of reprogramming.^[@r56])^ The knockdown of SUV39H1/H2, a specific histone methyltransferase for H3K9me3, promoted the binding of OCT3/4 and SOX2, and increased the efficiency of iPS cell generation.^[@r56])^ Moreover, in ES cells, c-Myc interacts with the NuA4HAT histone acetyltransferase complex and generates active histone markers, histone 3 and 4 acetylation.^[@r57],[@r58])^ The NuA4HAT complex is important for ES cell identity.^[@r59])^ It is probably thus critical for reprogramming that this complex is recruited to the correct loci by c-Myc. Mbd3 is a core component in the NuRD (nucleosome remodeling and deacetylation) repressor complex. Mbd3 directly interacted with OSKM reprogramming factors.^[@r53])^ Mbd3/NuRD repressor complex is directly recruited to down-stream targets of OSKM which is important for cell fate changes into pluripotent cell fate. This interactions are important to inhibit the iPS cell induction by Mbd3. As a result, this complex inhibits the reactivation of OSKM targeted genes. Actually, depleting Mbd3 increased the efficiency of iPS cell induction.^[@r53])^

The reprogramming efficiency is improved by lowering the barrier of histone modifications. Agents that have been reported to increase iPSC generation include BIX-01294, which is an inhibitor of G9a histone H3K9 methyltransferase,^[@r60])^ and valproic acid (VPA), trichostatin A (TSA), suberoylanilide hydroxamic acid (SAHA) and sodium butyrate (NaB), which all are inhibitors of histone deacetylase.^[@r61],[@r62])^ NaB promotes the reprogramming only in the presence of exogenously expressed c-Myc at the early stage of reprogramming.^[@r62],[@r63])^ VPA can replace KLF4 and c-MYC to induce iPS cells from human neonatal fibroblasts.^[@r61])^

DNA methylation.
----------------

The promoters of several ES cell maker genes, such as Nanog and Oct3/4, are demethylated during reprogramming.^[@r36],[@r47])^ During demethyltion process, 5-methylcytosine (5mC) is oxidized to 5-hydroxymethylation (5hmC) by ten-eleven translocation (TET) enzyme family.^[@r64],[@r65])^ During iPS cell reprogramming, the 5hmC level are increased by TET1 activation.^[@r66])^ Actually, TET1 and TET2 significantly increase mouse reprogramming efficiency by physical association with Nanog.^[@r67])^ TET1 dependent conversion from 5mC to 5hmC effect to reprogramming efficiency, but not pluripotency in human iPS cells.^[@r66])^ It was found that the imprinted Dlk1--Dio3 gene cluster on chromosome 12qF1 was abnormally silenced in several iPS cells. These iPS cells poorly contributed to chimeric mice. Moreover, these iPS cells could not generate animals using tetraploid complementation.^[@r46])^ Thus proper DNA methylation changes are important to complete the reprogramming toward pluripotency. The reduction of the DNA methylation levels by a methyltransferase inhibitor, Aza-C, promoted the reprogramming efficiency.^[@r68])^ Methylation changes affect not only the efficiency, but also the completion rate of reprogramming.

Reprogramming factors induce not only iPS cells, but also partially reprogrammed cells that express some ES markers and possess poor differentiation potentials.^[@r36],[@r68])^ In these partially reprogrammed cells, the changes of DNA demethylation were insufficient on loci of ES cell-related genes, such as Nanog and Oct3/4.^[@r68])^ DNA methyl transferase (Dnmt) 1 maintains the specific pattern of methylation during mitosis. The treatment with Aza-C or the suppression of the Dnmt1 level induces maturation from partially reprogrammed cells to completely reprogrammed iPS cells.^[@r68],[@r69])^

Mesenchymal-to-epithelial transition.
-------------------------------------

During the iPS cell induction from fibroblasts, cells undergo morphological changes that resemble the mesenchymal-to-epithelial Transition (MET). The reverse transition is the epithelial-to-mesenchymal transition (EMT), which plays important roles in development and cancer metastasis. The EMT occurs during gastrulation and delamination of the neural crest.^[@r70])^ The gene expression changes associated with MET are detected at the early stage of mouse iPS cell induction, including the suppression of key mesenchymal genes, such as Snail, Slug, Zeb1, Zeb2, Twist1, Twist2, N-cad and Fn and the upregulation of key epithelial genes, such as E-cadherin, Ocln, Cldn3, Dsp, Pkp1, Pkp3, Ep-CAM, Krt8 and Krt19.^[@r71])^ These MET events occur before the induction of ES cell markers such as Nanog, Sall4 and Oct3/4, as well as the surface marker, SSEA-1. Moreover, the acceleration of MET promoted the reprogramming efficiency of mouse iPS cell induction.^[@r72])^

It is known that TGF-β can induce the EMT at least partially through the activation of Snail.^[@r73],[@r74])^ TGF-β1 treatment or overexpression of Snail decreases the reprogramming efficiency.^[@r71])^ Conversely, TGF-β receptor inhibitors and Alk5 inhibitors increase the reprogramming efficiency from fibroblasts.^[@r71])^

Bone morphogenetic proteins (BMPs) are another important signal for the MET. BMP4 induces the expression of miRNA 205 and 200 families, which are key factors involved in the MET.^[@r72])^ BMPs elicit important signals to maintain the pluripotency in mouse ES cells, together with leukemia inhibiting factor (LIF) signaling.^[@r75])^ BMP2, BMP7 and BMP9 increase the reprogramming efficiency with OSKM.^[@r72])^ Conversely, the reprogramming efficiency was decreased by suppressing the BMP signaling using a BMP receptor antagonist, dorsomorphin, or a soluble BMP ligand antagonist, Noggin. This reduction of reprogramming efficiency was rescued by the overexpression of miRNA 200 family members.^[@r72])^ The expression of epithelial genes was induced by the overexpression of Klf4, which bound the promoter of E-cadherin. KLF4 can be replaced by BMP4 to induce iPS cells.^[@r76])^ These data suggested that the MET signaling induced by BMP and miRNA 205/200 families were important during the early phase of reprogramming.

Medical and pharmaceutical applications of iPS cells
====================================================

The iPS cell technology has opened new and unprecedented ways to investigate and potentially cure diseases. The iPS cells derived from patients can be used in at least two ways: regenerative medicine and drug discovery (Fig. [4](#fig04){ref-type="fig"}).

Regenerative medicine.
----------------------

The first potential usage of iPS cells in clinics is regenerative medicine. Human iPS cells can differentiate into various functional somatic cells. Transplantation of these differentiated cells is expected to result in functional recovery in patients. In fact, the transplantation of differentiated cells derived from iPS cells has already been shown to mitigate the disease phenotypes in mouse models of sickle cell anemia,^[@r77])^ platelet deficiency,^[@r78])^ Parkinson's disease^[@r79])^ and spinal cord injury.^[@r80],[@r81])^ iPS cells can be generated from patients' own somatic cells. Differentiated cells from autologous iPS cells would not be rejected by the immune system after transplantation.^[@r82]--[@r84])^ However, making iPS cells from each patient would take at least several months and would not be cost-effective. Alternatively, iPS cell banking could be established in advance from healthy volunteers.^[@r85],[@r86])^ Immune response could be decreased if the human leukocyte antigen (HLA) is matched between donors and recipients. It is thought that 90% of the Japanese population would be covered by 140 clones of iPS cells derived from HLA homogenous donors. To collect these 140 clones of HLA-homogenous iPS cells, the HLA type will need to be investigated in about 1.6 × 10^5^ Japanese people.^[@r87])^ Collaboration with existing banking efforts, such as platelet transplantation, bone marrow transplantation, and cord blood transplantation would be required to cover such large populations.

Methods used to generate the iPS cells are critical for regenerative medicine. Originally, retroviral or lentiviral systems were used to generate the first human iPS cells. The reprogramming factors were integrated into genomes when using these systems. There insertions in the genome could give rise to severe damage to the induced cells. However, iPS cells can now be established without the integration of transgenes.^[@r87]--[@r92])^ These iPS cells are more suitable for clinical applications. Additionally, manipulations of the culture conditions used for the iPS cells, including the use of Xeno-Free culture systems, also should be evaluated in more depth for transplantation. Recently, the three-dimensional structures of the retina and pituitary gland were generated by self-organization of pluripotent stem cells *in vitro*.^[@r93]--[@r95])^ Moreover, functional rat pancreases were generated in Mouse body. Pdx1 deficient mice die after birth because of pancreatic insufficiency. Rat pluripotent stem cells were injected into Pdx1 −/− mouse blastocyst to rescue them. The rescued mouse had functional pancreas derived from rat pluripotent stem cells.^[@r96])^ On the other hand, vascularized and functional human livers were generated *in vivo* by transplantation of liver buds made *in vitro*.^[@r97])^ The combination of 3D differentiation and improved systems for iPS cell induction will provide new strategies for regenerative medicine.

Drug discovery.
---------------

Another important usage of iPS cells is making disease models and screening chemicals and natural derivatives to identify therapeutic drug candidates. The differentiated cells derived from patient-specific iPS cells are expected to reconstruct disease phenotypes *in vitro*. The first disease-specific iPS cells were generated from patients with amyotrophic lateral sclerosis (ALS). However, the recapitulation of disease phenotypes *in vitro* was not pursued in that study.^[@r98])^ The first disease phenotype reconstructed *in vitro* using iPS cells was derived from cells obtained from spinal muscular atrophy (SMA) patients. In this disease model, it was revealed that these differentiated neural cells derived from patient-specific iPS cells were responsive for drug treatment.^[@r99],[@r100])^ Subsequently, many reports have been published regarding disease modeling and drug screening using patient-derived iPS cells. For example, we have shown that anacardic acid can diminish the phenotype in a disease model of ALS using patient-specific iPS cells.^[@r101])^

An important issue regarding patient-specific iPS cells is the inclusion of a proper control. The genetic and epigenetic backgrounds vary widely among people, and even the family members of the patients can have significantly different backgrounds. If the iPS cells derived from healthy donors are used as a control, the genomic or epigenetic background may affect the phenotypes. An ideal control is the patient's own iPS cells, in which the causal gene mutation(s) for the disease are repaired, such as by using zinc-finger nuclease,^[@r102]--[@r104])^ transcription activator-like effector nucleases (TALENs)^[@r105],[@r106])^ or the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 system.^[@r107])^

Conclusion
==========

Since the first demonstration of the generation of iPS cells in 2006, the iPS cell technology has shown remarkable progress thanks to numerous researchers all over the world. The very first clinical trial using the technology for patients suffering from age-related macular degeneration has been approved by the Japanese government. However, many issues still need to be overcome prior to the general use of the iPS cell technology in the clinical setting. The manipulation of cells and the culture conditions should be optimized to generate clinical-grade differentiated cells derived from iPS cells. In particular, the quality and safety of cells should be evaluated carefully from multiple points of view.
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![A. Established mouse iPS cells with OSKM. These all iPS cells are established and cultured on STO cells expressing LIF and neomycin-resistant gene (SNL cells). B. Sections of teratomas derived from mouse iPS cells. C. Established human iPS cells established on SNL feeder cells.](pjab-90-083-g001){#fig01}

![The left figure shows the established mouse iPS cells from tail tip fibroblasts (TTFs) which constitutively express Ds-Red. These fibroblasts were introduced OSKM together with green fluorescent protein (GFP) using retrovirus system. Exogenous GFP are silenced during reprogramming. In the right figure, the mouse on the left is a control wild type mouse. Other two mice are chimera mice from Ds-Red iPS cells.](pjab-90-083-g002){#fig02}

![A. Reprogramming cells (TRA-1-60 positive) and reverted cells (TRA-1-80 positive/TRA-1-60 negative) during iPS cell induction on day 20 post-transduction. On 11 days post-transduction, sorted TRA-1-60 positive cells were seeded on SNL feeder cells. These cells were immune site stained with each anti body 9 days after seeding. TRA-1-80 was human specific antigen. All red cells were derived from seeded TRA-1-60 positive cells on 11 days post-transduction. TRA-1-60 negative/TRA-1-85 positive cells were reverted cell from TRA-1-60 positive cells. Several reverted cell started to express CD13 (Aqua) and got fibroblastic identities again. B. A model of reprogramming process. The majority of transduced cells with OSKM started to change toward pluripotent state in the gene expression profile and initiated reprogramming process. About 20% transduced cells became positive for TRA-1-60. Just TRA-1-60 positive cells could mature to iPS cells. During maturation steps, majority of TRA-1-60 positive cells went back to fibroblastic cell fate. LIN28 could inhibit this reversion.](pjab-90-083-g003){#fig03}

![A model of clinical applications with iPS cells. iPS cells derived from patients are useful for regenerative medicine and drug screening.](pjab-90-083-g004){#fig04}
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